The vascular damage caused by hypothermic preservation is important in the short-term and long-term outcome of organ preservation, and the protection of vascular tissues is an important issue for tissue viability in transplantation and cardiovascular research (Knes et al. 2005) . Among the two methods used, prolonged cold storage at 4ºC (Török et al. 1993 ) preserves vascular function for several days while it is possible to conserve vascular reactivity for longer periods by storing tissues at −70 or −190ºC using cryopreservative methods (Hunt et al. 1994) .
Cold storage is essential during the interval between harvesting and transplantation, and it has been shown that cold storage induces changes in the response of tissues to various vasodilator and vasoconstrictor agents. The most consistent alterations are the degeneration of the adrenergic nerve endings (Török et al. 1993 ) and the degeneration of endothelial cells (Hansen et al. 1994; Török et al. 1993) . The endothelium in human hearts has been shown to become detached following a storage period of 3 to 8 hours at 4ºC (Billingham et al. 1980) . However, in rabbit aorta (Török et al. 1993 ) and in rat lungs (Pickford et al. 1990) , the same detachment took 1-4 days.
Contradictory results have been obtained from studies investigating the effect of cold storage on the responses to vasoconstrictor agents. It has been reported that, in canine arteries, which were stored for 24 hours at 6ºC, the responses to α-adrenergic agonists and 5-hydroxytryptamine (5-HT) increased (Murphy et al. 1973) . However, these responses were not altered following a 3-7 day storage period at 4ºC (Ito and Chiba 1985; Chiba 1987a, 1987b) . In a rabbit aorta, on the other hand, the α -adrenergic agonist-induced contractions were shown to have reduced after 10 days of storage (Shibata et al. 1971) . Additionally, it has been shown that potassium chloride (KCl)-induced contraction was diminished after cold storage Chiba 1987a, 1987b) .
The objective of this study was to determine the effects of prolonged cold storage on the responses to 5-HT, a receptor-mediated agonist, and KCl that causes membrane depolarization and extracellular Ca +2 influx. Since the results with 5-HT are contradictory, we have chosen 5-HT to investigate receptor-mediated responses. The influence of L-arginine, superoxide dismutase (SOD), iloprost, a synthetic analogue of prostaglandin (PG) I 2 or deendotheliza-tion on these responses was also investigated to define the underlying mechanisms.
METHODS AND MATERIALS

Rat thoracic aorta preparations
Locally bred male Sprague-Dawley rats weighing 220-300g were used. They were given food and water ad libitum and housed under controlled environmental conditions, including a lighting regimen of 12 hours of light and 12 hours of darkness (lights on 08:00-20:00) for at least 2 weeks before and throughout the experiments. The rats were anesthetized with sodium pentobarbital (30 mg/kg) and killed by exsanguination from the common carotid arteries. The procedures of the ethics committee for the animal experiments in our university were followed. The thoracic aortae were isolated, cleaned of connective tissue and cut into transverse rings of 3-4 mm width.
Only one ring from each rat was used each day. The rings in the control group were functionally assessed in an organ bath immediately after removal from the rats. Thus, the control group represented the maximal possible response for the harvested aortic rings. The rest of the tissues were placed in tubes containing 5 ml of Krebs solution with the following composition (mM): NaCl, 118.1; KCl, 4.7; CaCl 2 , 1.3; NaHCO 3 , 25; MgCl 2 , 0.5; NaH 2 PO 4 , 0.9; and glucose, 11.0. The storage solution in the tubes was replaced and bubbled with 95% O 2 -5% CO 2 for 1 minute every day before the tubes were closed, since it has been shown that oxygenation improves tissue preservation (Okada et al. 1995) . The tubes were kept at a constant temperature of 4.0 ± 0.5ºC in the refrigerator throughout the experiments. After the storage period, the rings were taken for an organ bath study. On the day of the experiment, the aortic rings were mounted between stainless steel wire hooks and suspended under resting tension of 2 g in 10 ml organ baths containing Krebs solution, and slowly warmed to 37ºC and allowed to equilibrate for 1 hour. The Krebs solution was continuously aerated with 95% O 2 -5% CO 2 and replaced every 15 minutes. The tension was recorded with Grass FT-03 force displacement transducer for isometric force measurements. The removal of the endothelium was accomplished by rubbing the lumen of the vessel with a roughened stainless steel rod.
Experimental protocol Endothelium-intact rings
In the control group (fresh tissues), tissues obtained from each animal were kept in tubes containing 5 ml of Krebs solution which was changed every 24 hours throughout the experiment and every day one isolated ring from each animal was studied. After the stabilization period, the rings were contracted with increasing concentrations of 5-HT (1 × 10 -7 -10 -4 M) and after washing and recovery, a cumulative concentration response curve for KCl (5-100 mM) was determined. The two dose response curves from each ring were obtained within approximately one and one half hours after the stabilization period. The same procedure was applied to other aortic rings, which were kept at 4ºC for 24, 48, or 72 hours. In another group of endothelium intact rings, after obtaining the responses on the first day, the remaining tissues were incubated with 5 ml of Krebs solution containing L-arginine (1 × 10 -3 M), superoxide dismutase (SOD-300 U/ml) or iloprost (100 μ g/ml = 2.7 × 10 -4 M) and the experiments were performed after 24, 48, or 72 hours.
Endothelial function
To determine the functional status of the endothelium, the maximum response to 1 μ 10 -6
M ACh was obtained daily in both endothelium intact and endothelium denuded preparations which were precontracted by 5-HT (5 × 10 -6 -8 × 10 -6 M) before obtaining concentration-response curves to KCl and 5-HT. In deendothelized preparations, the absence of functional endothelium was assessed by the lack of a relaxant response to 1 × 10 -6 M acetylcholine (ACh) in submaximally (70-80% of maximum contraction) precontracted (5 × 10 -6 -8 × 10 -6 M) rings with 5-HT immediately after the stabilization period, before the concentration dependent responses to KCl and 5-HT were obtained.
Drugs
The substances used in this study were purchased from Sigma Chemical Co. St.Louis, USA (L-arginine, superoxide dismutase, 5-HT and KCl) and Schering AG, Berlin, Germany, D (Iloprost).
Data analysis
As we used adjacent rings from the same animal on different days, the 5-HT-and KCl-induced contractions were calculated individually as the percentages of the maximum response at time 0 hours (control group). All the data were expressed as means ± S.E.M. A statistical analysis was performed by using ANOVA followed by the Dunn test, respectively; a p value of < 0.05 was considered significant.
RESULTS
Responses to 5-HT
In the control group, a significant decrease in the contractile responses to 5-HT was observed after being in cold storage for 24 hours. The contractions were almost abolished (average maximum decrease 85%) in aortic rings stored for 72 hours (Fig. 1A) .
The incubation of the rings with L-arginine (1 × 10 -3 M) prevented the decrease in the vascular responses to 5-HT for only 48 hours. The decrease in the average maximum response in rings which had been stored for 72 hours was 50% (Fig. 1B) .
Iloprost (100 μ g/ml = 2.7 × 10 -4 M) partially restored the 5-HT-induced responses particularly at lower concentrations, but was unable to prevent the decline in the responses at higher concentrations. The decrease in the average maximum response following storage for 72 hours was 63% (Fig.  1C) .
In the endothelium-denuded aortic rings, the responses to 5-HT were not significantly altered after 72 hours (Fig.  1D) .
In the endothelium-intact preparations, adding SOD (300 U/ml) to the Krebs solution during cold storage, not only restored the decline in the vascular reactivity to 5-HT completely, but also shifted the concentration-response curves to the left especially in lower concentrations (Fig.  1E ).
Responses to KCl
In the control group, KCl-induced contractions were not significantly altered following storage for 24 hours, but prolonged storage for 72 hours diminished the responses.
The decrease in the average maximum response was 85% ( Fig. 2A) , compared with the fresh tissues.
The addition of L-arginine (1 × 10 -3 M) to the Krebs solution during incubation, prevented the decrease in the responses to KCl for 48 hours. After 72 hours of cold storage, the average decrease in the maximum response was 55% (Fig. 2B) .
Removing iloprost (100 μ g/ml = 2.7 × 10 -4 M) (Fig.  2C ) and the endothelium (Fig. 2D ) partially restored the decrease in KCl-induced contractions. In both groups, the responses tended to decrease after 48 hours. After being in cold storage for 72 hours in the presence of iloprost or after endothelium-removal, the decrease in the average maximum responses was 63% and 43%, respectively.
The incubation of the aortic rings with SOD (300 U/ml) afforded significant protection against hypothermiainduced impairment in KCl-induced responses (Fig. 2E) . Cold storage for 72 hours in the Krebs solution containing SOD caused a 25% reduction in the average maximum responses.
ACh induced responses
The maximum response to ACh (1 × 10 -6 M) was decreased after 48 hours in the aortic rings stored in Krebs solution. SOD and iloprost was unable to prevent the decline in the ACh-induced responses. Incubation with L-arginine caused a 50% reduction after 72 hours of storage (Table 1) .
DISCUSSION
Harvested organs are generally transplanted using the immediate blood supply and therefore the functional preservation of the vessels is essential (Corner et al. 2003) . The present study demonstrates that KCl and 5-HT induced contractions in an isolated rat thoracic aorta diminish following a storage period of between 24-72 hours at 4ºC. These findings are inconsistent with the previous reports in canine coronary artery which showed that the responses remained 
Significantly different from day 0 ( a p < 0.05; b p < 0.01).
unchanged following storage for between 3-7 days at 4ºC (Ito and Chiba 1985; Sinanovic and Chiba 1987a) . Furthermore, no significant inhibitory effect has been reported on the responsiveness of canine intermediate auricular arteries to KCl and 5-HT after storage at 4ºC for 5-7 days (Ito and Chiba 1985) . In contrast to these results, there are other reports indicating that responses to KCl are attenuated after cold storage (Sinanovic and Chiba 1987b) . The discrepancy between the present and previous findings might be due to the differences in the tissues, agonists or the design of the experiment, since in most of these studies the tissues were not aerated with 95% O 2 -5% CO 2 during storage or the tissues were kept at +4ºC for longer periods.
Superoxide Dismutase
It has been shown that the cold storage of rabbit kidneys in saline for 24 hours at 0ºC enhances lipid peroxidation. However, the tissue SOD levels remained unaltered during the storage period (Green et al. 1986 ). Rewarming or reperfusing the tissues after cold storage are also potent triggers of lipid peroxidation (Magni et al. 1994) . Additionally, superoxide anions have been shown to inactivate an endothelium-derived relaxing-factor (Rubanyi and Vanhoutte 1986) in the canine femoral artery. Thus, it is reasonable to expect an effect of reactive oxygen species on agonist-induced responses in such studies. In our study, SOD prevented the decline in both KCl and 5-HT-induced responses. It has been previously shown that superoxide anion inhibited norepinephrine-induced contractions without changing the responses to phenylephrine (Phe) or KCl (Wolin and Belloni 1985) . This indicates that superoxide anion directly prevents the activation of norepinephrine but has no direct effect on Phe or KCl. It has also been demonstrated that, 5-HT was able to activate nNOS (neuronal nitric oxide synthase) and lead to NO and reactive oxygen species is produced (Breard et al. 2007 ). On the other hand, the combination of a delayed hypothermia and a delayed SOD treatment significantly preserved the vascular function (Baranova et al. 2008) . Thus, the effect of superoxide radical on vascular responses depends on the agonist used. In rat thoracic aorta, 5-HT induces contraction through the activation of 5-HT 2 receptors while KCl activates voltage operated calcium channels by depolarizing the cell membrane. In the present study, the decline in the responses to contractile agents acting by receptor-dependent (5-HT) and receptor-independent (KCl) mechanisms, may imply that superoxide anion exerts its effects on post receptor mechanisms; i.e. second messengers or contractile mechanisms, rather than a direct effect of 5-HT or KCl.
L-arginine
In the current study, the incubation of the aortic rings with L-arginine, the precursor of nitric oxide (NO), preserved the KCl and 5-HT induced contractile responses for 2 days, but on the third day the protective effect of L-arginine had decreased. L-arginine is the precursor for the formation of NO in vascular tissue (Moncada et al. 1989) and NO has been shown to possess an antioxidant activity (Kanner et al. 1991) . It has also been reported that the incubation of rat aortic rings with L-arginine prevents the damage caused by reactive oxygen species (Gümüşel et al. 1996) . In rabbit aortic endothelium damaged by oxygen free radicals, the protective role of L-arginine, it has been suggested, depends on the increased synthesis of NO (Xiong et al. 1994) .
The maximum response to ACh remained unaltered after 24 hours storage, but progressively diminished in rings that had been stored in Krebs solution for periods of 48 and 72 hours. These results indicate that endothelium preserves its functional capacity for only 24 hours under hypothermic conditions. In aortic rings incubated with L-arginine, the ACh induced maximum response had decreased by only 33% after 72 hours of cold storage, which was not statistically significant. Thus, it can be seen that L-arginine restores the ACh-induced relaxation. It is possible that cold storage causes a reduction in the levels of L-arginine in the endothelial cells and this occurs with or without changing NO synthesis. Additionally, incubation with L-arginine restores the production of NO, thereby enhancing the antioxidant activity.
Iloprost
In the present study, iloprost was less protective than SOD and endothelium removal. Several reports have confirmed the protective role of iloprost in different models of cardiac ischemia-reperfusion injury (Ferrari et al. 1989) . Treatment with iloprost has been shown to decrease SOD activity in acute myocardial ischemia in rabbit hearts (Ferrari et al. 1989 ) and it has previously been shown that prostacyclin analogues possess free radical scavenging activity (Arroyo et al. 1994) . In the present study, it is not possible to define the exact mechanism(s) which contribute to the protective role of iloprost, but the possible mechanisms are the scavenging of superoxide anions (Fraile et al. 1994) or the membrane stabilizing effect of iloprost (Thiemermann et al. 1984) . It has been shown that cold storage reduces the sensitivity of tissues to extracellular calcium and enhances the membrane resting potential (Kaiman and Shibata 1978) , which causes a decline in the vascular reactivity to vasoconstrictor agents. Thus, iloprost may act by stabilizing the cellular membrane and reducing cold-storage induced vascular damage.
Endothelium Removal
In the present study, endothelium removal preserved 5-HT-induced contractions for 72 hours and partially restored KCl-induced responses after 48 and 72 hours of preservation. It has been shown that in rat aortas endothelium removal enhances the responses to α -adrenergic agonists (Molina et al. 1992 ), but does not affect KCl-induced responses (Vinet et al. 1991) . There are several other reports indicating that, endothelium removal caused an enhancement in the maximum response of rat thoracic aorta to KCl (Auer and Ward 1998) . It has been previously demonstrated that endothelium removal enhances the responses to 5-HT in rabbit basilar artery (Trezise et al. 1992) , and rabbit saphenous ven (Valentin et al. 1996) indicating that endothelium-derived relaxing factors (EDRF) cause an inhibition in these contractile responses. It has been shown that 24 hours of ischemic storage causes endothelial dysfunction in isolated rat aorta that can be prevented by cell permeable iron chelators. This indicates the role of iron-dependent oxidative injury in the development of endothelial damage after cold storage (Radovits et al. 2008) . In rat thoracic aorta, endothelium removal, produced an increase in the maximal response to norephinephrine and phenylephrine, but did not affect KCl-induced responses (Vinet et al. 1991) . On the other hand, it has been shown that endothelium removal slightly reduced the responses to KCl, but markedly augmented 5-HT-induced contractions in isolated rabbit basilar arteries. Therefore the influence of endothelium removal on 5-HT-induced contractions is the result of the loss of EDRF, but not of the endothelium-derived hyperpolarizing factor (EDHF) or cycloxoygenase products (Trezise et al. 1992) . These contradictory results indicate that the influence of endothelium removal seems to depend on both the tissue and the agonist.
The increase in the agonist-induced responses after endothelium denudation is generally contributed to the absence of EDRF (MacLean et al. 1993 ) such as EDRF and EDHF. It has been shown that in rabbit basillary arteries, the enhancement of KCl-induced contractions after endothelium denudation is related to the decrease in EDHF, but not in the decrease in NO or prostacyclin levels (Petersson et al. 1993) . In the present study, endothelium removal is shown to be more protective on 5-HT-induced contractions than on those induced by KCl. In rabbit, it has been shown that voltage-operated calcium channels are less sensitive to EDRF and/or intracelullar cyclic guanosin monophosphate (cGMP) levels (Collins et al. 1988a (Collins et al. , 1988b . Thus, the discrepancy leading to the effects of KCl and 5-HT may depend on the difference in the sensitivity of different calcium channels. The enzymes that are likely to contribute to superoxide production in endothelium are xanthine oxidase, NADH/NADPH oxidases and NOS (Bayraktutan et al. 1998 ) Therefore, in the present study there may be a decrease in the amount of the superoxide radical produced after the removal of the endothelium, which may lead to theeffect that protects the vascular responses.
In conclusion, the present study demonstrates that prolonged cold storage diminishes the responses to 5-HT and KCl in rat aorta. Among the possible mechanisms that contribute to this, superoxide anion seems to play the major role while endothelium-derived substances also contribute to the prolonged cold storage-induced changes.
